Genetic Analysis Reveals That Both Haemagglutinin and Neuraminidase Determine the Sensitivity of Naturally Occurring Avian Influenza Viruses to Zanamivir in Vitro  by Baigent, S.J. et al.
m
m
t
m
g
(
t
s
b
e
b
c
e
t
r
a
v
c
e
o
s
t
s
a
v
r
w
Virology 263, 323–338 (1999)
Article ID viro.1999.9931, available online at http://www.idealibrary.com onGenetic Analysis Reveals That Both Haemagglutinin and Neuraminidase Determine
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The basis of differential sensitivity of replication of influenza viruses to the neuraminidase-specific inhibitor zanamivir was
examined using four avian influenza viruses and reassortants produced between them. IC50 values for inhibition of
neuraminidase activity by zanamivir were similar for each of the four viruses, whereas the haemagglutinating activity of each
of the viruses was relatively insensitive to zanamivir. However, the four viruses showed distinct zanamivir-sensitivity profiles
in tissue culture. Analysis of the reassortant viruses showed that sensitivity was determined by the haemagglutinin gene
(segment 4) and the neuraminidase gene (segment 6) and was independent of the remaining six RNA segments. Decreased
sensitivity to zanamivir was associated with possession of a haemagglutinin that is released from cells with decreased
dependence on neuraminidase and with possession of a neuraminidase that has a short stalk region. © 1999 Academic Press
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Influenza A viruses cause respiratory disease in hu-
ans and infect other mammals and birds. They are
embers of the orthomyxoviridae, possessing a nega-
ive-sense, single-stranded RNA genome of eight seg-
ents. Segments 4 and 6 encode the viral envelope
lycoproteins haemagglutinin (HA) and neuraminidase
NA), respectively. HA binds to sialic acid-bearing recep-
ors on the host cell surface through a broad, shallow
urface pocket of conserved amino acids near the mem-
rane distal tip of each subunit (Weis et al., 1988). The
xistence of a secondary sialic acid binding site has also
een postulated (Sauter et al., 1992). NA consists of a
ytoplasmic tail, a hydrophobic transmembrane span,
xternal stalk, and globular head. The enzymatic site in
he head catalyses the removal of terminal sialic acid
esidues from an a-2,3 or a-2,6 ketosidic linkage to an
djacent sugar residue on a glycoconjugate, destroying
irus–receptor and virus–virus interactions, and thus fa-
ilitating the release of infectious, nonaggregated prog-
ny virus. Influenza A viruses are classified on the basis
f their surface antigens, HA and NA, there being 15 HA
ubtypes (H1–H15) and 9 NA subtypes (N1–N9). Viruses
hat have become established in mammals show a re-
tricted combination of HA and NA subtypes, but all HA
nd NA subtypes are represented among avian influenza
iruses. Annual epidemics of human influenza are asso-
1 To whom reprint requests should be addressed at Compton Labo-
atory. E-mail: sue.baigent@bbsrc.ac.uk.
2 Present address: Pfizer Central Research, Ramsgate Road, Sand-
mich, Kent, CT13 9NJ, UK.
323iated with amino acid substitutions in the antigenic
ites leading to an accumulation of changes and anti-
enic drift. Rarely, but dramatically, reassortment be-
ween influenza viruses results in the exchange of
enes, so HA and/or NA can be introduced into a new
enetic background, resulting in antigenic shift. Recently,
virus of avian origin (A/HongKong/156/97; H5N1) was
esponsible for the death of a small number of people in
ong Kong (Subbarao et al., 1998; Claas et al., 1998),
xemplifying the potential of avian viruses to cross to the
uman population. The development of prophylactic
gents to protect against infection by all strains of influ-
nza A and B viruses, and to treat such infections, thus
s of prime importance.
Sialic acid-based compounds have previously been
hown to restrict the replication of influenza viruses in
issue culture (Meindl et al., 1971; Palese and Compans,
976). Further modifications of the sialic acid molecule led
o the development of high-affinity, high-specificity inhibitors
f the catalytic activity of influenza virus NA (von Itzstein et
l., 1993). 4-Guanidino-2,4-dideoxy-2,3-dehydro-N-acetyl-
euraminic acid (zanamivir) is an unsaturated analog of
ialic acid, with a guanidino group substituting for the
ydroxyl group at position C4 on sialic acid. It binds revers-
bly to the enzyme with an inhibition constant (Ki) of 2 3
0210 M (von Itzstein et al., 1993), and the interactions
etween this compound and the NA active site have been
haracterised by X-ray crystallography. The conformation of
inding is somewhat different from that of sialic acid, and
he arrangement of functional groups mimics more those of
he transition state than those of the ground state confor-ation of sialic acid.
0042-6822/99 $30.00
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324 BAIGENT, BETHELL, AND MCCAULEYZanamivir has been shown to be effective in vivo in
ice and ferrets, decreasing pyrexia and virus shedding
fter infection with human influenza A or B viruses
Woods et al., 1993; Ryan et al., 1995), and in mice after
nfection with A/HongKong/156/97 (Gubareva et al.,
998). In chickens, intranasal administration of zanamivir
nd virus showed some protective effect (Gubareva et
l., 1995), but intratracheal administration of zanamivir
nd virus gave no protection against highly pathogenic
vian viruses (McCauley et al., 1995). These observa-
ions reflect the fact that although zanamivir, a locally
cting drug, may be effective in treating respiratory tract
nfections induced by many influenza viruses, it is much
ess effective in treating the systemic infection caused by
ighly pathogenic avian influenza viruses.
Zanamivir-resistant variants have been selected after
epeated passage in the presence of the drug in tissue
ulture. Resistant viruses with an NA that is less sensi-
ive to inhibition by zanamivir have been isolated
Staschke et al., 1995; Blick et al., 1995; Gubareva et al.,
996). Additionally, resistant viruses with decreased de-
endence on NA for release from the cell surface have
een produced (McKimm-Breschkinn et al., 1996;
ubareva et al., 1996).
Naturally occurring influenza viruses show variation in
ensitivity of their replication to zanamivir in tissue cul-
ure. We previously analysed the sensitivity of avian in-
luenza viruses with NA glycoproteins from each of the
ine NA subtypes (Thomas et al., 1994). In three assays
f sensitivity of virus replication to zanamivir, each of the
iruses showed sensitivity to the drug, but the extent of
ensitivity differed depending on both the virus and the
ssay, so each virus had a distinct sensitivity profile.
ecause the enzyme activities of avian influenza virus
As of all subtypes are all similarly sensitive to inhibition
y zanamivir (Gubareva et al., 1995), the differences in
ensitivity in tissue culture would indicate that avian
nfluenza viruses differ in their dependency on NA for
eplication in vitro.
In view of the differential sensitivity of naturally occur-
ing avian influenza viruses to zanamivir, and their likely
mportance in future pandemic influenza in humans, the
im of this study was to identify the genes that contribute
o the variation in sensitivity of naturally occurring avian
nfluenza viruses to zanamivir in vitro and to define the
echanism by which these genes influence sensitivity.
RESULTS AND DISCUSSION
To identify the genes that contribute to the variation in
ensitivity of influenza viruses to zanamivir in vitro, we
nitially determined the sensitivity profiles of four natu-
ally occurring avian influenza viruses in five in vitro
ssays. ED17 is the least sensitive virus in Madin–Darby
anine kidney cells
The effect of zanamivir on virus replication in Madin–
arby canine kidney (MDCK) cells was examined in
ulticycle plaque formation assays (Fig. 1a) and in sin-
le-cycle virus yield assays. Virus yield was measured by
ither infectivity titer (Fig. 1b) or by haemagglutination
iter (Fig. 1c). Mean IC50 values, for inhibition of replica-
ion of each virus in each assay, are given in Table 1.
FIG. 1. Effect of zanamivir on replication and spread in MDCK cells of
vian influenza viruses in assays of plaque number (a), virus yield
easured by infectivity titer on CEF cells (b), and virus yield measured
y haemagglutination titer (c). Viruses examined were SD17 (), Lang-
am (n), Egypt (), and Duck Ireland (h).ach virus showed greater sensitivity in the plaque as-
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325INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROay than in the virus yield infectivity titer assay, an effect
reviously observed for sensitivity of influenza virus rep-
ication to the zanamivir analog FANA in MDBK cells
Palese et al., 1974). This probably reflects amplification
f inhibitory effects of drug in the multiple rounds of virus
eplication in a plaque assay. The inhibitory effect of
anamivir on virus yield was more apparent in the haem-
gglutination titer assay than in the infectivity titer assay.
his is probably because for titration of infectivity, the
ample, and therefore zanamivir, was diluted by a factor
f 106-108, so clumps of virus could disaggregate and
laque formation was not inhibited. However, for mea-
uring haemagglutination titer, the dilution factor was
01-103, so zanamivir would have remained at a concen-
ration sufficient to prevent the disaggregation of clumps
f virus, which could not efficiently agglutinate erythro-
ytes.
The rank sum test was used to analyse the differences
n IC50 values. In the plaque assay (Fig. 1a), SD17 was
ess sensitive than Langham (P , 0.01), Egypt (P , 0.05),
nd Duck Ireland (P , 0.01); Langham was less sensitive
han Egypt (P , 0.05) and Duck Ireland (P , 0.05); and
here was no significant difference in sensitivity between
gypt and Duck Ireland.
In the virus yield infectivity titer assay (Fig. 1b), SD17
as less sensitive than Langham (P , 0.05) and Egypt
P , 0.01), but Langham and Egypt showed no significant
ifference in sensitivity. However, in the virus yield haem-
gglutination titer assay (Fig. 1c), SD17 was less sensi-
ive than Langham (P , 0.05) and Egypt (P , 0.05), and
angham was less sensitive than Egypt (P , 0.05). Be-
ause Duck Ireland grew to low infectivity titres in ovo
105 pfu/ml), this virus could not be used in the single
ycle yield assay, which required high m.o.i.
The release of virus from infected cells was also ex-
mined by electron microscopy. In zanamivir-free me-
ium, nonaggregated virus particles were observed bud-
ing at the surface of MDCK cells infected with SD17,
angham, or Egypt (Figs. 2a, 2c, and 2e). In cells infected
ith Duck Ireland, virus budding at the plasma mem-
rane was not seen, probably due to the low m.o.i. and
ailure to observe the low number of virus-infected cells.
n the presence of 1 mM zanamivir, SD17 virus particles
ormed very small aggregates at the cell surface (Fig.
b), whereas Langham and Egypt formed large aggre-
ates (Figs. 2d and 2f).
To summarise, SD17 was the least sensitive virus in
ach of three tissue culture assays, whereas Langham
xhibited an intermediate sensitivity. Egypt showed an
ntermediate sensitivity in the virus yield infectivity titer
ssay but was highly sensitive in the virus yield haem-
gglutination titer assay and in the plaque assay, behav-
ng similarly to Duck Ireland in the latter assay. Increased
ensitivity was associated with aggregation of virus par-ticles at the cell surface.S L E D
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326 BAIGENT, BETHELL, AND MCCAULEYaemagglutination activity is not significantly affected
y zanamivir
Because zanamivir is an analog of sialic acid, the
eceptor for influenza HA, the effect of zanamivir on
aemagglutination was examined. Each of the four vi-
uses agglutinated chicken erythrocytes at 4°C. The ef-
ects of zanamivir on haemagglutination were minimal
Table 1), consistent with the fact that by virtue of its
tructure, zanamivir should not block the receptor bind-
ng site of HA. Concentrations of zanamivir up to 100 mM
ad no effect on haemagglutinating activity of SD17,
angham, or Egypt. The haemagglutination titer of Duck
FIG. 2. Electron micrographs of virus budding at the surface of MDC
irus particles (arrows) budding in zanamivir-free medium. (b, d, and f)
a and b) SD17. (c and d) Langham. (e and f) Egypt. Marker bar represreland was decreased twofold by 10 nM zanamivir but aas not further reduced by higher concentrations of the
rug (data not shown).
nzymatic activity of all four NAs is sensitive
o zanamivir
To examine whether differences in zanamivir sensitiv-
ty of replication of the four viruses were due to differ-
nces in the zanamivir sensitivity of their NA activities,
C50 values for inhibition of NA by zanamivir were deter-
ined. IC50 values were similar for the NAs of each of the
our viruses (Table 1). The IC50 values were consistent
ith those determined for a wide range of human and
12 h postinfection (m.o.i. of 5 PFU/cell). (a, c, and e) Nonaggregated
ates of virus (arrows) budding in medium containing 1 mM zanamivir.
0 nm.K cells
Aggregvian influenza viruses (Gubareva et al., 1995). We ob-
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327INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROerved a greater variation in IC90 values, with SD17/
ostock NA being twofold less sensitive to inhibition by
anamivir than Duck Ireland NA (Table 1). However,
hese differences are unlikely to account for the wide
ariation in sensitivity of virus replication to zanamivir in
issue culture.
The above results show that differences in sensitivity
f HA or NA activities to zanamivir do not contribute to
he significant differences in sensitivity of these viruses
n tissue culture. More efficient virus replication or prop-
rties of the virion that lead to reduced dependence on
A for release from the cell surface could potentially
ontribute to differential sensitivity of influenza viruses to
n NA inhibitor. Thus although NA is the target for zana-
ivir, any one of the eight influenza genes, particularly
he HA gene, or a combination of the genes, could
otentially contribute to sensitivity in tissue culture. To
nalyse which genes defined sensitivity to zanamivir, six
amilies of reassortant viruses were produced between
airs of the four avian viruses, and their sensitivities to
he drug were analysed.
roduction of reassortant viruses
The SD17 3 Langham (SL) family, the SD17 3 Egypt
SE) family, and the Langham 3 Egypt (LE) family
howed good reassortment between the eight genes
nd a wide range of recombinant genotypes. In the Duck
reland 3 SD17 (DS) family, Duck Ireland 3 Langham
DL) family, and Duck Ireland 3 Egypt (DE) family, genes
rom Duck Ireland were underrepresented, and in the
atter two families, there were few reassortants, probably
ue to the relatively low titer of Duck Ireland in allantoic
luid available for use in the production of reassortants.
iruses with all of the possible segment 4/segment 6
ombinations, with the exception of Egypt segment 4
ombined with Duck Ireland segment 6, were identified
mong the reassortants.
ensitivity to zanamivir in MDCK cells is determined
y HA and NA
A total of 54 viruses, from the six families of reassor-
ants, were examined for sensitivity to zanamivir in
laque assays and virus yield assays, and IC50 values
ere calculated for each assay (Table 2). For any virus,
C50 was not related to total virus yield in the absence of
anamivir (data not shown), showing that decreased sen-
itivity was not attributable to more efficient replication.
ithin each family of reassortants, the viruses were
orted by genotype for each of the eight RNA segments
n turn and the influence of the RNA segment on IC50 was
xamined using the rank sum test. The polypeptides
ncoded by each RNA segment are given in Table 2.
SD17 3 Langham family (Table 2). There were 14
iruses analysed in this category. Segment 4 from Lang-
am conferred greater sensitivity than did segment 4 trom SD17/Rostock in the plaque assay (P 5 0.01) and in
he virus yield assay, measured by infectivity titer (P ,
.001) or haemagglutination titer (P , 0.05). The sensi-
ivity phenotype of virus SL12, which has Langham seg-
ent 4 in the SD17 genetic background, shows that
angham segment 4 alone is sufficient to confer the
ncreased sensitivity of Langham compared with SD17 in
ach of the three assays. No effect of segment 6 was
bserved. However, in the plaque assay, Langham seg-
ents 1 and 2 also segregated with greater sensitivity
han did SD17 segments 1 and 2 (P , 0.05), and this
ffect of segment 2 was also seen in the virus yield
nfectivity titer assay.
SD17 3 Egypt family (Table 2). There were 14 viruses
nalysed in this category. Segment 4 from Egypt con-
erred greater sensitivity than did segment 4 from SD17/
ostock in the plaque assay (P , 0.01) and the virus yield
ssay, measured by infectivity titer (P , 0.01) and by
aemagglutination titer (P , 0.05). In this latter assay,
gypt segments 6 and 8 were also associated with
reater sensitivity (P , 0.05). However, the sensitivity
henotype of virus SE3, which has Egypt segment 4 in
he SD17 genetic background, shows that Egypt segment
is sufficient to confer the increased sensitivity of Egypt
ompared with SD17. Egypt segment 6 was consistently
ssociated with an increase in sensitivity of viruses with
D17/Rostock segment 4, in each of the three assays.
Langham 3 Egypt family (Table 2). Twelve viruses
ere analysed in this family. In the plaque assay, greater
ensitivity was associated with Egypt segments 2 (P ,
.01), 4 (P , 0.05). and 6 (P 5 0.05). Egypt segment 6 was
ssociated with an increase in sensitivity of viruses with
angham segment 4 (viruses LE17 and LE30). In the virus
ield infectivity titer assay, no RNA segment showed any
ignificant association with sensitivity. However, in the
irus yield haemagglutination titer assay, Egypt segment
was significantly associated with increased sensitivity.
Duck Ireland 3 SD17 family (Table 2). In this family, 16
iruses were examined. Examination of single gene re-
ssortant viruses, with one gene from Duck Ireland in the
D17 genetic background, indicated that Duck Ireland
egments 3 and 5 are not associated with sensitivity in
he three assays (viruses D9 and D3, respectively). The
ank sum test confirmed that segments 3, 5, 1, and 7
ere not significantly associated with sensitivity in any of
he assays. Duck Ireland segment 4 was significantly
ssociated with sensitivity in the plaque assay (P , 0.01)
nd in both virus yield assays (P , 0.05). The data for
irus DS7 show that Duck Ireland segment 4 alone con-
ers some increase in sensitivity in the plaque assay and
great increase in sensitivity in both of the virus yield
ssays. Duck Ireland segment 6 was associated with
arge increases in sensitivity in each of the three assays
virus DS17), and this association was significant in the
laque assay (P , 0.001) and the virus yield haemagglu-ination titer assay (P , 0.05). The relatively resistant
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328 BAIGENT, BETHELL, AND MCCAULEYhenotype of DS7 and DS12, in the plaque assay, dem-
nstrates that SD17/Rostock segment 6 can decrease
he sensitivity of viruses with Duck Ireland segment 4.
uck Ireland segment 2 showed an association with
ncreased sensitivity in the plaque assay (virus B9) but
T
Correlation of Genotype with Zanamivir-Sensitivity
Virus
Gene
1
PB2
2
PB1
3
PA
4
HA
5
NP
SL family
D17 S S S S S
L1 S S S S S
L10 S S S S S
L15 S S L S S
L11 S S S S L
L24 S S S S L
L30 S S L S L
L12 S S S L S
L20 S S L L L
L25 L L L L S
L27 S L L L L
L35 S S L L L
L17 L L L L L
angham L L L L L
SE family
D17 S S S S S
E9 S S S S S
E20 S E S S S
E22 S E S S S
E7 S S E S E
E24 E E S S S
E15 S E S S S
E8 E E E E E
E3 S S S E S
E13 E E E E E
E10 E E E E S
E5 E E E E S
E25 S E S E S
gypt E E E E E
LE family
angham L L L L L
E1 E L L L L
E16 E L E L L
E25 E L L L L
E17 E E E L E
E30 E E E L E
E10 E E E E E
E12 L E E E E
E20 L E L E L
E18 E E E E E
E21 L L E E E
gypt E E E E Eot in the virus yield assays. Duck Ireland segment 8 cegregated with sensitivity only in the plaque assay (P ,
.01).
Duck Ireland 3 Langham family (Table 2). Seven vi-
uses were examined. There were too few reassortants
f each genotype to allow statistical analyses to be
ype in Three Tissue Culture Assays (MDCK Cells)
Assay
7
M1/M2
8
NS1/NS2 A B C
sortants
S S 147 104–105 178
S S 163 104–105 107
S L 327 104–105 578
L L 327 104–105 594
S S 154 104–105 594
L L 402 104–105 594
S S 158 104–105 135
S S 67 105 63
S L 26 76 185
L L 10 44 133
L S 72 23 56
S L 82 154 63
L L 30 323 133
L L 28 304 101
sortants
S S 147 104–105 178
S S 123 104–105 1000
S S 175 104–105 572
S S 266 104–105 629
S S 33 103–104 38
E S 33 755 18
E E 3 832 7
S E 3 124 10
S S 2 15 32
E S 3 ND ND
S S 3 1000 6
S E 3 389 6
E E 3 335 6
E E 3 200 9
sortants
L L 28 304 101
L L 28 87 134
L E 32 100 34
E L 25 60 13
E E 3 100 56
E E 3 874 56
E E 1 42 10
E E 1 ND ND
E E 3 247 6
E E 3 29 5
L E 3 ND ND
E E 3 200 9ABLE 2
Phenot
6
NA
of reas
S
S
S
S
L
L
L
S
S
S
L
L
L
L
of reas
S
S
S
S
E
E
E
S
S
S
E
E
E
E
of reas
L
L
L
L
E
E
L
L
E
E
E
Earried out. However, in the plaque assay, Duck Ireland
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329INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROegments 4 and 6 were observed to be associated with
reater sensitivity, and in the virus yield haemagglutina-
ion titer assay, Duck Ireland segment 6 was associated
ith increased sensitivity of virus DL69, compared with
angham, DL12, and DL24.
Duck Ireland 3 Egypt reassortant (Table 2). Only one
eassortant (DE6) was produced. This virus was anal-
sed in the plaque assay, where its phenotype did not
iffer from that of either of the parent viruses.
To summarise, sensitivity to zanamivir in tissue culture
as consistently determined by segment 4 (HA) and
egment 6 (NA). The effect of the segment 4/segment 6
ombination on sensitivity is given in Fig. 3. In each
ssay, the relative contribution of each HA to sensitivity
aralleled the relative sensitivity of the parent virus from
hich the HA was derived, with the SD17/Rostock HA
eing associated with lowest sensitivity. NA also influ-
nced sensitivity: in the plaque assay and the virus yield
aemagglutination titer assay, Egypt NA and Duck Ire-
TABLE 2
Virus
Gene
1
PB2
2
PB1
3
PA
4
HA
5
NP
DS family
D17 S S S S S
15 S S S S S
8 S S S S S
9 S D S S S
9 S S D S S
3 S S S S D
S17 S S S S S
S28 S S S S D
15 D S D S D
S7 S S S D S
S12 S S S D S
2 S S S D S
16 S D S D S
14 D D D D D
5 D D D D D
uck D D D D D
DL and D
angham L L L L L
L12 L L L L L
L24 L L L L L
L69 L D L L D
L27 D L L D D
L64 L L L D D
E6 E E E D E
gypt E E E E E
uck D D D D D
Note. Mean IC50 (nM) values are given for three tissue culture ass
aemagglutination titre assay. Genotype of viruses is given by letters
angham; E, Egypt; and D, Duck Ireland. Viruses have been listed by seg
or use at high m.o.i. for the virus yield assay due to low titres of infecand NA clearly conferred greatest sensitivity, whereas sD17/Rostock NA and Langham NA were associated
ith decreased sensitivity (Fig. 3). An effect of NA on
ensitivity of influenza virus replication to FANA was
oticed by Palese et al. (1974), although the characteris-
ics of these NAs were not investigated. We observed
hat in certain families of reassortants and in certain
ssays, segments 1 and/or 2 and/or 8 segregated incon-
istently with sensitivity. This could be an indirect effect
aused by genetic linkage between these segments and
egments 4 or 6 and/or random association caused by
he large number of statistical analyses carried out.
equence analysis of HA and NA genes from
epresentative reassortant viruses
It was considered possible that during reassort-
ent, viruses with mutations in the HA and/or NA were
elected and that these mutations might contribute to
ifferences in sensitivity to zanamivir between reas-
tinued
Assay
7
M1/M2
8
NS1/NS2 A B C
sortants
S S 147 104–105 178
S S 132 104–105 594
S S 114 104–105 178
S S 66 104–105 134
S S 175 104–105 495
S S 171 104–105 1000
S S 3 4000 8
S S 5 2000 8
D S 7 251 13
S S 67 12 7
S D 24 ND ND
S D 2 21 6
S D 1 ND ND
S D 1 ND ND
D D 3 ND ND
D D 1 ND ND
sortants
L L 28 304 101
L L 84 80 132
L L 34 122 75
D L 4 86 8
L L 1 ND ND
L L 2 ND ND
D E 3 ND ND
E E 3 200 9
D D 1 ND ND
plaque assay; B, virus yield infectivity titre assay; and C, virus yield
ting the parent virus from which each gene was derived: S, SD17; L,
and segment 6 genotype. ND, Not done: not all viruses were available
irus in allantoic fluid.—Con
6
NA
of reas
S
S
S
S
S
S
D
D
D
S
S
D
D
D
D
D
E reas
L
L
L
D
L
L
E
E
D
ays: A,
indica
ment 4ortant and parent viruses. We therefore sequenced
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331INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROhe HA and/or NA genes of representative reassortant
iruses.
Because viruses DS7 (H5) and DS12 (H5) showed a
educed sensitivity to zanamivir compared with Duck
reland (H5), the HA1 region of the HA genes of DS7,
S12, D2, and DE6 (all H5) were sequenced. None of the
iruses showed any nucleotide sequence changes in
A1, compared with Duck Ireland HA1 sequence.
The nucleotide sequences of the NA genes of five
eassortants, all with SD17/Rostock NA, were also deter-
ined. These viruses were SL10 (SD17/Rostock HA),
L20 (Langham HA), SE8 (Egypt HA), DS7, and DS12
both Duck Ireland HA). Compared with the NA from
D17 virus, SL10, SE8, DS7, and DS12 showed no nucle-
tide sequence changes in the NA gene. SL20 has one
ucleotide substitution (G3A at position 393), resulting
n replacement of glycine by arginine at amino acid
esidue 125. From the virus characteristics addressed in
his work (elution from erythrocytes and sensitivity to
anamivir in tissue culture), there is no evidence to sug-
est that this mutation has any effect on the properties of
he NA of SL20 or the phenotype of the virus.
These sequence data from representative viruses in-
icate it is highly unlikely that mutations in HA or NA
cquired during the reassortment are responsible for the
bserved differences in sensitivity to zanamivir.
bility to elute from chicken erythrocytes depends
n combination of HA and NA
Because the effects of zanamivir on haemagglutina-
ion were minimal, whereas each of the four NA activities
as sensitive to zanamivir, we performed haemaggluti-
ation-elution studies to further investigate the interac-
ions between HA and NA that may determine sensitivity
o zanamivir. Each of the parent and reassortant viruses
as able to agglutinate erythrocytes at 4°C, showing
hat all could bind to the oligosaccharide receptors on
he erythrocyte surface. However, on transfer to 37°C,
he viruses fell into two groups (Table 3): those that were
ble to elute from erythrocytes within 7 h (including SD17,
gypt, and Duck Ireland) and those that had not eluted at
ermination of the assay at 20 h (including Langham).
bility to elute depended on the combination of HA and
A possessed by the virus. All viruses with the same
A/NA combination behaved similarly (Table 3), inde-
endent of the origin of their other six genes. Viruses
ith Duck Ireland, Egypt, or Langham HA could elute
nly if they possessed Duck Ireland or Egypt NA. Thus
gypt NA and Duck Ireland NA differ from SD17/Rostock
FIG. 3. Effect of HA and NA combination on sensitivity of replication
umber (a), virus yield measured by infectivity titer on CEF cells (b), an
A and NA type, and mean IC50 values for each group are given. Error
xamined in each group, are given below the bars. S, SD17/Rostock HA or NAA and Langham NA in a manner that confers the ability
o elute more readily. In the presence of exogenous NA
Clostridium perfringens NA (CPNA)] at 10 mU/ml, 12
iruses, representative of the six noneluting combina-
ions of HA/NA, eluted fully within 3 h (data not shown),
onfirming that it is the NA of these viruses (SD17/
ostock NA or Langham NA) that is responsible for their
nability to elute naturally. All viruses with SD17/Rostock
A could elute, independent of their NA, so SD17/
ostock HA differs from the other three HAs in some
espect that confers the ability to elute more readily.
iruses with the combination of SD17/Rostock HA with
ither Egypt or Duck Ireland NA eluted most rapidly
Table 3).
lution, from chick erythrocytes, of viruses
ith SD17/Rostock HA is less sensitive
o inhibition by zanamivir
The concentration of zanamivir required to inhibit elu-
ion of 4 HA units virus was recorded at regular intervals
fter transfer of the plates to 37°C. The lowest concen-
ration of zanamivir that totally inhibited elution at 16 h
as recorded (Table 3) because, in the absence of zana-
influenza viruses to zanamivir in MDCK cells in three assays: plaque
yield measured by haemagglutination titer (c). Viruses are grouped by
dicate SEM. The origin of the HA and NA, and the number of viruses
TABLE 3
Elution of Influenza Viruses from Chicken Erythrocytes at 37°C
HA
type
NA
type Ability to elute
Time taken for
elution of 4
HA U (h)
[Zanamivir] (nM)
required to inhibit
elution of 4 HA U
(H7) S(N1) 1a 1–7 50–200
L(N3) 1 3 200–1000
E(N1) 1 0.5–1 100–500
D(N8) 1 0.5–1 50–100
(H7) S(N1) 2b N/Ad N/A
L(N3) 2 N/A N/A
E(N1) 1 3–7 5–10
D(N8) 1 3 5
(H7) S(N1) 2 N/A N/A
L(N3) 2 N/A N/A
E(N1) 1 1–7 10
D(N8) No virusc N/A N/A
(H5) S(N1) 2 N/A N/A
L(N3) 2 N/A N/A
E(N1) 1 1 20
D(N8) 1 3–7 10
Note. S, SD17/Rostock; L, Langham; E, Egypt; D, Duck Ireland.
a Elution at 37°C
b No elution at 37°C.
c No virus with this genotype was produced.
d N/A, not applicable.of avian
d virus
bars in
; L, Langham HA or NA; E, Egypt HA or NA; D, Duck Ireland HA or NA.
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332 BAIGENT, BETHELL, AND MCCAULEYivir, the viruses eluted at different rates and it was not
ppropriate to compare sensitivity of viruses at an early
imepoint. The elution from erythrocytes of all viruses
ith SD17/Rostock HA, independent of their NA, was
ess sensitive to inhibition by zanamivir than was the
lution of viruses with one of the other three HAs.
Because the combination of HA and NA determines
oth sensitivity of virus to zanamivir in tissue culture and
he ability of viruses to elute from erythrocytes, we further
xamined the properties of the four NAs and four HAs
hat could influence ability to elute.
ll four avian virus NAs preferentially cleave
,3-N-acetylneuraminyl-lactose
Because compatibility between HA receptor binding
pecificity and NA substrate cleavage specificity is a
rerequisite for elution from erythrocytes (Carroll et al.,
981; Baum and Paulson, 1991; Gimsa et al., 1996), we
nvestigated the substrate specificity of the NAs. The
uman control virus (X-31) released sialic acid from both
,3- and 2,6-N-acetylneuraminyl-lactose, with a slight
reference for the former substrate (Fig. 4). Each of the
our avian virus NAs exhibited a strong preference for
,3-N-acetylneuraminyl-lactose as a substrate over 2,6-
-acetylneuraminyl-lactose (Fig. 4), so differences in elu-
ion properties cannot be attributed to differences in NA
leavage specificity. Additionally, horse serum, which
ontains sialic acid in 2,6-Gal linkages (Rogers et al.,
983), did not inhibit haemagglutination by any of the
iruses (data not shown), indicating that each of these
iruses does not bind appreciably to Neu5AcAlpha2–
Gal and therefore, by implication, they bind preferen-
ially to Neu5AcAlpha2–3Gal. Moreover, in each of the
iruses, the HA contains a glutamine at residue 226 (H3
umbering), this glutamine being associated with
eu5AcAlpha2–3Gal binding specificity (Rogers et al.,
983).
eletions in the NA stalk region are associated with
nability of virus to elute from erythrocytes
It has previously been reported that viruses with de-
etions in the NA stalk show a reduced ability to elute
rom chicken erythrocytes (Els et al., 1985; Castrucci and
awaoka, 1993) and are deficient in their ability to cleave
etuin (Els et al., 1985). We therefore determined the
equence of the stalk region of each of the four avian
irus NAs. The amino acid sequences of the NAs, from
he amino terminus to the end of the stalk, are aligned in
ig. 5. The amino acids composing the stalk are under-
ined. The stalk regions are taken to begin at His or Lys
potentially charged amino acid residues) that mark the
nd of the 29- 31-amino-acid hydrophobic region. Cys90,
n the N8 sequence, and the equivalent Cys in the other
hree sequences, were taken as the first amino acid in
he head region (Blok and Air, 1982a,b). Egypt NA and tuck Ireland NA both have long stalks (lengths 56 and 52
mino acids, respectively). SD17/Rostock NA (N1) and
angham NA (N3) each have a deletion in the stalk
egion (Fig. 5), resulting in short stalks of lengths of 34
nd 28 amino acids, respectively. Furthermore the rate of
leavage of 2,3-N-acetylneuraminyl-lactose, assayed for
constant amount of protein from purified virus, was
reater for Egypt NA and Duck Ireland NA than for
D17/Rostock NA and Langham NA (Fig. 4a).
To summarise, consistent with the results of Els et al.
1985) and Castrucci and Kawaoka (1993), the two avian
nfluenza virus NAs that were able to promote elution
Egypt and Duck Ireland NAs) were those with long
talks and a greater rate of substrate cleavage, whereas
he two NAs that were unable to promote elution (SD17/
ostock and Langham NAs) were those with short stalks
nd a lower rate of substrate cleavage. It is likely that
elease of virus from its receptors and disaggregation of
irus particles by short-stalk NAs are inefficient because
he NA active site is close to the virus envelope and
FIG. 4. NA activities of purified avian influenza viruses using 2,3-N-
cetyl neuraminyl-lactose (a) and 2,6-N-acetyl neuraminyl-lactose (b)
s substrates. NA activity, for a constant amount of protein from purified
irus, was measured using a coupled assay method releasing NADH,
he absorbance of which is recorded at 340 nm. Viruses examined
ere SD17 (), Langham (f), Egypt (), Duck Ireland (M), and X-31 (F).
he control sample (no virus) is indicated by E.herefore cannot efficiently access its substrate.
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333INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROD17/Rostock HA shows reduced dependence on NA
or elution from its receptor
Because viruses with SD17/Rostock HA could elute,
ven when they possessed a short-stalk NA, and elution
f viruses with SD17/Rostock HA was least sensitive to
anamivir, we hypothesised that the HA molecule of
D17/Rostock can elute from its receptors with de-
reased dependence on NA activity, circumventing zana-
ivir-induced inhibition of NA. The nature and extent of
lycosylation of HA have been implicated in altering the
ffinity or availability of HA molecules for their receptors
Mir-Shekari et al., 1997) and in resistance to zanamivir
Staschke et al., 1995). The presence of glycans close to
he receptor binding site of HA of A/FPV/Rostock/34, at
sn123 and Asn149 (H7 numbering) (Kiel et al., 1985), is
ssential for release of this virus from cellular receptors
Ohuchi et al., 1997), and receptor binding is abolished
hen these glycans are sialylated after expression in the
bsence of NA (Ohuchi et al., 1995). We therefore deter-
ined the locations of potential glycosylation sites on
he HA trimers of our other three avian influenza viruses
rom the amino acid sequences of these molecules. The
ocation of the glycosylation sites (Fig. 6) differs both
etween and within HA subtypes. At the distal tip, SD17/
ostock HA (H7) has two glycans attached to Asn123
equivalent to 133 in H3 numbering) and Asn149 (158 in
3 numbering). The HAs of Langham (H7) and Egypt (H7)
FIG. 5. Comparison of nucleotide and amino acid sequences of N
-terminus to the end of the stalk region. The amino acids making upossess a glycosylation site at position 123, and Duck (reland (H5) has a single potential glycosylation site at
he distal tip of the HA, at residue 175 (169 H3 number-
ng), as deduced from the nucleotide sequence
Kawaoka et al., 1987). Because glycosylation is absent
t position 149 in the HA molecules of Langham and
gypt and at the equivalent position in the HA of Duck
reland, we suggest that the glycan at position 149 of
D17/Rostock HA allows SD17 to elute from its receptors
ith decreased dependence on NA activity. This is likely
o be because the oligosaccharide side chain reduces
he affinity of HA for its receptor by steric hindrance. An
lternative explanation is that sialic acid bound to posi-
ion 149 of SD17/Rostock HA may fill the receptor binding
ocket, competing with sialic acid attached to cellular
eceptors or to virus particles. However, we cannot for-
ally exclude the possibility that decreased affinity of
D17/Rostock HA for receptors is due to differences in
mino acid sequence at the receptor binding site, com-
ared with the HAs of Langham, Egypt, and Duck Ireland.
Thus elution from erythrocytes requires a long-stalked
A and/or a more readily released HA that may compen-
ate for the inefficient function of a short-stalked NA and
ip the balance in favour of elution; these observations
re supported by recent data from Matrosovich et al.
1999). Possession of Egypt NA and Duck Ireland NA
long-stalked NAs) also correlates with greatest sensitiv-
ty in tissue culture assays, whereas SD17/Rostock HA
the four avian influenza viruses. Sequences are aligned from the
lk are underlined. The locations of deletions are indicated by dashes.As fromthe readily released HA) correlates with lowest sensi-
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334 BAIGENT, BETHELL, AND MCCAULEYivity. Having established the features of HA and NA that
re associated with ability of our viruses to elute from
rythrocytes, we can begin to interpret the differences in
anamivir-sensitivity of the four avian influenza viruses in
issue culture. The relative resistance of SD17 can be
xplained by the characteristics of its HA, which enables
he virus to be released from cells with decreased de-
endence on NA. We suggest that if a virus possesses
D17/Rostock HA in combination with a short-stalked NA
SD17/Rostock NA or Langham NA), the virus is relatively
esistant to zanamivir in vitro because the release of
irus from cells is effected by the HA and the short-
talked NA plays only a minor role. However, if a virus
ossesses the SD17/Rostock HA in combination with a
ong-stalked NA (Egypt NA or Duck Ireland NA), sensi-
ivity to zanamivir is significantly increased because a
ong-stalked NA plays a greater role in the release of
irus from cells.
Viruses with Langham HA bind more stably to eryth-
ocytes than do viruses with SD17/Rostock HA. Hence
e hypothesise that Langham is more sensitive to zana-
ivir because it is more dependent on NA for release
rom cells. In the plaque assay, where the effect is am-
FIG. 6. Position of potential glycosylation sites on the HA trimers of
C) shown on a model of the H3 HA (Brookhaven protein databank). Po
ed, and the receptor binding pocket at the top of each HA monomer is
otifs are located at the following positions (H3 numbering): Duck Irela
33, 240; HA2: 82, 154; Rostock HA1: 22, 38, 133, 158, 240; and HA2: 8lified by multiple rounds of virus replication, an NA with Elong stalk plays a greater role in release of virus from
ells than does an NA with a short stalk.
All viruses with Egypt HA show sensitivity to zanamivir
n tissue culture. We suggest that Egypt HA binds very
tably to MDCK cells in culture, so that all viruses with
gypt HA are dependent on NA for their release from
ells, whether they possess a short- or a long-stalked
A.
Most viruses with Duck Ireland HA are highly depen-
ent on NA for release and are highly sensitive to zana-
ivir, indicating that this HA also binds efficiently to
DCK cells. However, viruses with Duck Ireland HA in
ombination with SD17/Rostock NA (H5N1) were signif-
cantly less sensitive to zanamivir in the plaque assay
han all other viruses with Duck Ireland HA. This reduc-
ion in sensitivity was not associated with nucleotide
hanges in the coding sequence of HA1 or NA, com-
ared with the parent viruses from which segment 4 and
were derived, and was not associated with any differ-
nces in the specific activity of NA between these vi-
uses (data not shown). However, it is possible that
ifferences in stability of NAs can influence virus sensi-
ivity to zanamivir in tissue culture. The long-stalked
eland, H5 (A), Langham, H7 and Egypt, H7 (B), and SD17/Rostock, H7
sites to which carbohydrate moieties are attached are space-filled in
by residue Leu226 (H3 numbering), space-filled in yellow. The NXT/S
1: 20, 21, 33, 169, 197, 289; HA2: 154. Langham and Egypt HA1: 22, 38,Duck Ir
tential
marked
nd HAgypt and Duck Ireland NAs showed a significantly
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335INFLUENZA VIRUS SENSITIVITY TO ZANAMIVIR IN VITROreater decrease in activity, after 1-h incubation at 55°C,
han did the SD17 and Langham NAs (unpublished ob-
ervations). It is therefore possible that during the course
f the plaque assays, there is a decrease in NA activity
n viruses with Egypt or Duck Ireland NA, and sensitivity
f these viruses to zanamivir would be increased. The
ombination of Duck Ireland HA with SD17/Rostock NA
ight be particularly favourable to replication in tissue
ulture due to the increased stability of the NA.
Like the H5 HA of A/Duck/Ireland/113/83, the H5 HA of
/HongKong/156/97 (the avian influenza virus recently
solated from humans) lacks the additional glycosylation
ite at the tip of the molecule (Matrosovich et al., 1999).
lso, the N1 NA of A/HongKong/156/97 has a short stalk
Claas et al., 1998; Bender et al., 1999) similar in length to
hat of the N1 NA of SD17/Rostock. Therefore, we would
xpect our H5N1 viruses to have a similar zanamivir-
ensitivity phenotype to A/HongKong/156/97. This latter
irus has an IC50 value of 1 nM in plaque assays
Gubareva et al., 1998) and thus would appear to be more
ensitive than our DS7 and DS12 viruses. However, we
sed plaque number assays to determine virus sensitiv-
ty to zanamivir, whereas Gubareva et al. (1998) used
laque size reduction assays. This factor, together with
ossible differences in MDCK cells, could contribute to
he reported differences in sensitivity to zanamivir.
It has previously been shown that changes in affinity of
A for specific sialic acid receptors, influencing ability of
he virus to disaggregate and to elute from the cell
urface, can overcome NA deficiency or inhibition in
A-deficient mutants (Yang et al., 1997) in laboratory-
roduced avian-human reassortant influenza viruses
Kaverin et al., 1998) and in artificially selected zanamivir-
esistant variants (McKimm-Breschkin et al., 1996;
ubareva et al., 1996). Our results show that the naturally
ccurring “resistance” of SD17 to zanamivir also depends
n an HA-related decrease in dependence on NA for
irus release. Our study also indicates a role for NA stalk
ength in determining sensitivity to zanamivir and shows
hat the level of sensitivity is determined by the combi-
ation of HA and NA genotypes. It is pertinent that a
ynergistic interaction of HA and NA mutations in influ-
ncing sensitivity to the drug has also been demon-
trated in zanamivir-resistant mutants selected in vitro
Blick et al., 1998).
For any naturally occurring strain of influenza virus, a
nowledge of the NA stalk length and the affinity of the
A for its receptor should enable prediction of the sen-
itivity of virus replication to zanamivir in vitro. Sensitivity
f viruses to zanamivir in vitro has been shown not to be
ecessarily predictive of sensitivity in vivo (Woods et al.,
993). Nevertheless, the knowledge of virus properties,
hich influence sensitivity in any assay system, provides
further understanding of the characteristics of new
iruses that may emerge on the widespread use of this
nhibitor. cMATERIALS AND METHODS
iruses
All influenza viruses were from a collection held at The
nstitute for Animal Health. Four avian influenza viruses
ere used: A/Duck/Ireland/113/83, H5N8 (Duck Ireland);
/FPV/Egypt/45, H7N1 (Egypt); A/FPV/England/1/63,
7N3 (Langham); and SD17 (H7N1), a reassortant virus
ith RNA segments 4, 6, and 7 from A/FPV/Rostock/34
H7N1) and the remaining five segments from A/FPV/
utch “Dobson”/27 (H7N7). The human influenza A virus
-31 (H3N2) is a reassortant between A/Aichi/1/68 and
/Puerto Rico/8/34. Viruses were propagated in 11-day-
ld embryonated hens’ eggs, at 37°C.
ells
MDCK cells were maintained in Eagle’s modified min-
mal essential medium (EMEM, GIBCO BRL) containing
.14% BSA and supplemented with glutamine and antibi-
tics. Primary chick embryo fibroblast (CEF) cells were
repared from 10-day-old chick embryos and were main-
ained in M199 medium (GIBCO BRL) containing 0.14%
SA and supplemented with glutamine and antibiotics.
A inhibitor
Zanamivir was provided by Glaxo Wellcome Research
nd Development (UK).
eneration, selection, and genotyping of reassortant
iruses
Reassortant viruses were isolated after single-cycle
ixed infection of CEF cells with pairs of avian influenza
iruses. The medium was harvested after 18 h, and
eassortant viruses were purified by two rounds of
laque purification in CEF cells and then inoculated into
mbryonated eggs. Reassortant viruses were genotyped
y serological analysis, by electrophoretic analysis of
irus polypeptides, and by nucleic acid analysis. Where
As were distinguishable using antisera, the HA of re-
ssortants was determined by HA-inhibition assays.
here NAs were distinguishable using antisera, the NA
f reassortants was determined by NA-inhibition assays
van Deusen et al., 1983). One antiserum was produced
n our laboratory, and the remainder were provided by
he Central Veterinary Laboratory (Weybridge, UK). Elec-
rophoretic polypeptide analysis (as described by Mc-
auley and Penn, 1990) was used to determine the
enotype of segments 4, 6, and 8 for all reassortants and
egments 1 and/or 2 and/or 3 for some reassortant
iruses. For nucleic acid analysis, virus-specific oligonu-
leotides were designed for RNA segments 1–3, 5, and 7.
hese were used to determine genotype of reassortants
y either PCR or by dot-blot hybridisation. Infected cell
NA was prepared for each reassortant virus. Full-length
DNA was synthesised from the vRNA by avian myelo-
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336 BAIGENT, BETHELL, AND MCCAULEYlastosis virus reverse transcriptase (Promega) using
egment-specific primers complementary to the nucleo-
ides 8–32 of the vRNA. cDNA was amplified by PCR
sing a virus-specific oligonucleotide primer and a non-
irus-specific oligonucleotide primer. The annealing
tages of PCR were carried out at a temperature at which
nly the homologous primer would bind efficiently to the
DNA. The PCR products were analysed on a 1% aga-
ose gel. Dot-blot hybridisation was also used for geno-
ype analysis. For each reassortant virus, a portion of the
NA segment of interest was amplified from infected cell
NA using RT-PCR. DNA was bound to Hybond-N mem-
rane (Amersham) and probed with 32P-labeled virus-
pecific oligonucleotides at defined temperatures and
nalysed by autoradiography.
aemagglutination and haemagglutination-elution
ssays
For haemagglutination assays, virus and zanamivir
ere preincubated for 30 min at room temperature in a
olume of 50 ml in PBS. An equal volume of chicken
rythrocytes was added to a final concentration 0.5%,
nd the plates were incubated at 4°C for 1 h. For elution
ssays, the plates were transferred to 37°C (time 0), and
lution was monitored at intervals, by appearance of
rythrocyte pellets, up to a time of 20 h. The time taken
or elution of 4 HA units virus, in the presence or absence
f zanamivir, was recorded. To examine the effect of
PNA (Sigma) on elution, haemagglutination was per-
ormed as described above in 2-(N-morpholino)ethane-
ulfonic acid buffer (50 mM, pH 6.5) containing 20 mM
a21 and 100 mM Na1. CPNA (final concentration 10
U/ml) was added to the agglutinated erythrocytes, and
he plates were incubated at 37°C.
A inhibition assays
NA activity was assayed by the colourimetric assay of
ymard-Henry et al. (1973) in a 100-ml volume in PBS
sing fetuin as a substrate. Virus was diluted in PBS to
ive a standard level of enzyme activity (0.2–0.4) mea-
ured by A549nm of the chromophore. Infectious allantoic
luid was incubated with zanamivir (3 nM to 1 mM) for 1 h
t room temperature and then with fetuin for 30 min at
7°C. The assays were performed on two occasions, in
riplicate on each occasion. Mean IC50 and IC90 values
concentrations of zanamivir required to decrease the
nzyme activity by 50% and 90%, respectively) were de-
ermined using the method of moving averages (Thomp-
on, 1947).
A substrate specificity assays
Viruses were purified from infectious allantoic fluid by
ucrose gradient centrifugation and resuspended in
BS, and the protein concentration in each sample was ietermined by the Pierce Coomassie Plus protein assay,
fter disruption in 8 M urea. A constant amount of protein
rom purified virus was used as the source of NA to
ssay cleavage of 2,3-N-acetylneuraminyl-lactose or 2,6-
-acetylneuraminyl-lactose substrates (Sigma). NA activ-
ty was measured using a coupled assay resulting in the
elease of NADH, the absorbance of which is recorded at
40 nm. The assays were carried out in 32.5 mM 2-(N-
orpholino)ethanesulfonic acid buffer (pH 6.5) in a final
olume of 1 ml. The reaction mixture contained 4 mM
aCl2, 1 mM MgSO4, 1 mM NAD
1, 2.25 U of b-galacto-
idase, 10 U of glucose dehydrogenase, 0.05 mM sub-
trate, and 2 mg of purified virus protein in PBS. The
amples were incubated at 37°C, and A340nm readings
ere taken up to 120 min. The human influenza virus
-31 and NAs from C. perfringens (CPNA, Sigma) and
rthrobacter ureafaciens (AUNA, BioWhittaker) were
sed as controls.
irus plaque reduction assays
Plaque assays were performed in MDCK cells in
MEM without trypsin. Before the addition of virus inoc-
lum, the cells were incubated at room temperature for
0 min with zanamivir (0.1 nM to10 mM in PBS–0.1%
elatin). The cells were then inoculated with virus, di-
uted in PBS–gelatin to give 10–100 plaques/well, and
ncubated at room temperature for 45 min. The virus
noculum and zanamivir were removed, and the cells
ere overlaid with EMEM, with or without zanamivir (0.1
M to 10 mM), containing 1% agarose. After incubation at
7°C for 2.5 days, the cells were fixed and stained using
BS containing toluidine blue (0.25% w/v) and formalde-
yde (4% v/v). The assays were performed on at least two
eparate occasions, in duplicate on each occasion. IC50
alue was determined using the method of moving aver-
ges (Thompson, 1947).
irus yield assays
MDCK cells were inoculated with virus at an m.o.i. of
–5 PFU/cell. After incubation at room temperature for 45
in, the inoculum was removed and medium [EMEM
ontaining 0.14% BSA, with or without zanamivir (10 nM to
0 mM)] was added. After incubation at 37°C for 3 h, the
edium was removed, the cells were washed three
imes with fresh medium of the same composition to
emove any unbound input virus, and fresh medium of
he same composition was again added. The medium
as harvested after 12 h at 37°C, and virus yield was
easured by both plaque assay in CEF cells (infectivity
iter) and haemagglutination titer. The assays were per-
ormed on two separate occasions, in duplicate on each
ccasion. IC50 was determined using the method of mov-ng averages (Thompson, 1947).
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To examine the effect of zanamivir on virus budding,
onfluent monolayers of MDCK cells on 15-cm dishes
ere inoculated with virus at an m.o.i. of 5 PFU/cell. After
-h absorption at room temperature, the inoculum was
emoved, and the cells were washed once and then
ncubated with fresh EMEM with or without 1 mM zana-
ivir at 37°C for 9 h. The cells were fixed in cacodylate-
uffered 2.5% glutaraldehyde, postfixed in 1% of 0.1 M
hosphate-buffered osmium tetroxide, and resuspended
n 1% aqueous uranyl acetate. The samples were em-
edded in 1% agar, dehydrated through a methanol gra-
ient, incubated in propylene oxide, and then embedded
n Araldite resin. Sections of 90 nm were cut using an
ltracut E ultramicrotome (Reichart-Jung), collected onto
-mm-diameter copper Athene grids, and stained using
ead citrate. Sections were examined using a Philips EM
00 transmission electron microscope at an accelerating
oltage of 80 kV.
equencing of virus HA and NA genes
Total cell RNA was prepared from infected CEF cells.
egment 4 or segment 6 cDNA was synthesised from the
RNA by avian myeloblastosis virus reverse transcrip-
ase (Promega) using segment 4 or segment 6 subtype-
pecific primers complementary to nucleotides 8–32 of
he vRNA. The regions to be sequenced were amplified
y PCR using Taq DNA polymerase with subtype-specific
rimers. The PCR products were gel-purified using the
izard DNA purification system (Promega) and se-
uenced by the dideoxy method with 33-P labeled prim-
rs. Some of the HA gene sequences were generated by
irect sequencing of vRNA (McCauley and Penn, 1990).
tatistical analyses
For each tissue culture assay, viruses were ranked
ccording to their IC50 values, and the effect of genotype
n sensitivity to zanamivir was analysed using the rank
um test (Wilcoxon, 1945).
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